Airplane thrust reverser could significantly reduce the landing distance of a conventional civil turbofan. Control of the thrust reverser can be performed by a hydraulic and/or electric system. This study investigates whether this system can be used for blended wing body (BWB) civil airplanes as their engines are located over the wing body. Computational fluid dynamics (CFD) is used to analyze the feasibility of a thrust reverser cascade applied to BWB airplanes. This is selected because of its rapidity and low cost when compared to traditional wind tunnel tests. Analyses are performed on a 300-seating BWB (BWB300) landing configuration. The results show that the thrust reverser cascade can be applied to BWB300. Furthermore, the results also reveal that the probability of foreign object damage problems occurring during the BWB300 landing process when the thrust reverser cascade is working is low. Increasing the reverse mass flow component along the landing reverse direction can increase the thrust reverser efficiency. However, this would also increase the thrust reverser closing velocity. Therefore, when the thrust reverser design is performanced for BWB, a tradeoff between the efficiency and closing veloctiy should be considered.
I. INTRODUCTION
Modern conventional civil turbofan airplanes usually have a special decelerating device to decelerate the airplane more quickly and efficiently, such as wheel brakes [1] , drag parachutes [2] , arresting hooks [3] , or thrust reversers [4] . Because of its stable and reliable deceleration, the thrust reverser is widely used in the civil turbofan airplane. The braking effect of a thrust reverser is also not subject to changes in ground environments such as slippery and icy runways [5] . Thrust reverser systems are built in to the nacelle system of the airplane and use the power of the jet engine as a deceleration force. This is accomplished by reversing the direction of the hot or cold stream airflows, which generate forward thrust in flight [6] . Control of the thrust reverser is performed by a hydraulic and/or electric system [7] . The thrust reverser is in operation when the airplane touching on the ground (with landing speed approximately 62-72 m/s) and closed when the airplane has decelerated to a lower speed (about 26-36 m/s). There are three kinds of thrust reversers: the cascade type (cold stream), the clamshell door (hot stream), and the bucket target (hot stream) [8] . The
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cascade-type operation is as shown in FIGURE 1 [9] . When the thrust reverser mode is on, the aft section of the nacelle moves back to introduce a blocking mechanism to the fan generated cold stream flow. This redirects the air flow through a series of cascade boxes placed circumferentially around the nacelle, forcing the flow opposite in the direction of movement. This thereby reduces the speed of the airplane.
Generally, the thrust reverser system is designed to provide as much reverse thrust as possible. However, the thrust reverser has some related potential safety problems. Reverse flow re-ingestion may cause engine inlet distortion and instability. Reverse flow directed to the ground may lift debris into the inlet flow. Reverse flow may also substantially change the flow characteristics on the control surface and spoilers, leading to airplane stability problems. Even the buoyancy effect caused by the engine's reverse flow can cause loss of controllability of the airplane [9] , [10] .
The BWB is an airplane with a wing blended to the body that still maintains distinct wing and body structures [11] . It was conceptualized in 1988 by Liebeck et al. [12] . It is considered an innovative concept and represents a potential revolution in subsonic transport for its high lift-to-drag ratio, low fuel cost, and low noise [13] - [15] . Many countries such as the United States, the European Union (EU) countries, Conventional airplane engines often located beneath and in front of the wing [16] - [18] , but the engine of the BWB is located over the wing and behind the body [19] , [20] . This arrangement helps to offset the weight of the payload, furnishing, and other systems to ensure a balanced airplane [21] . The engine mounting of a BWB could be podded on a pylon or embedded in a boundary layer ingesting (BLI) arrangement [22] - [25] . In principle, the BLI arrangement can improve the propulsive efficiency by reducing ram drag. However, this assumes that an inlet can be designed to provide proper pressure recovery and uniform flow at the fan face of the engine [26] . Moreover, its pressure recovery is less than that of podded engines, which leads to lower thrust [27] . Podded an engine on a pylon is a traditional approach and involves little technical risk.
The BWB300 designed by NPU-ACDI is a 300-seat BWB civil airplane. The primary design parameters of the BWB300 are as follows:
• Cruising speed: 0.85 Ma;
• Flight altitude: 11.58 km;
• Maximum range: 13000 km;
• Maximum takeoff weight: 215000 kg.
Its propulsion system consists of two high-bypass ratio turbofan engines. The podded-on-a-pylon method is used to install the engines for this plane. The BWB300 model is shown in FIGURE 2.
There are several studies on the thrust reverser of conventional airplane,but no corresponding study on BWB. Therefore, can the thrust reverser cascade be applied to the BWB300? Though the engine pylon podded installation on a BWB300 could reduce the risk of ground debris entering the inlet and reduce the buoyancy effect, the nose up moment added by the thrust reverser cascade will increase the risk of nose up landing. In this work, the feasibility of thrust reversal for BWB was performaced by using Computational Fluid Dynamics (CFD) method, due to its rapidity and low cost.
II. CFD COMPUTATIONAL METHOD
The governing equation for computation is the 3-D unsteady compressible Reynolds-Averaged Navier-Stokes (RANS) 
equation, given as
where V is the volume of the control; S is the surface of the control; Q is the conservative variable; f is the sum of the inviscid flux and the viscous flux passing through the surface s; and n is the surface external unit vector. The RANS equation is solved by the finite volume method, the inviscid term is discretized by the second-order upwind Roe-FDS scheme, and the viscid term is discretized by the second order central difference scheme. The Menter's k-omega SST model is used as the turbulence model. The approximate factorization (AF) implicit time-marching method is the time stepping method. To accelerate convergence, the multi-grid method is applied.
III. COMPUTATIONAL METHOD VALIDATION A. POWERED ENGINE COMPUTATIONAL METHOD VALIDATION
A simplified powered engine model for simplified method computation is as shown in FIGURE 3. Once appropriate boundary conditions at the fan inlet, fan outlet, and core out face are set, the powered engine can be simulated. The NAL-AERO-02-01 turbine-powered simulator (TPS) test model (as shown in FIGURE 4) [29] , [30] from the National Aerospace Laboratory of Japan is used to validate the powered engine computational method.
The grid used for CFD calculations is a multi-block O-H structure grid with about 3 million cells. The grid is stretched near the wall at y+ = 1, and the growth rate is 1.18 The far field boundary is located 10 body lengths from the configuration (the characteristic based boundary condition used The no-slip adiabatic wall boundary conditions are used on all solid surfaces (fan cowl, core cowl, spinner, core spinner). A characteristic based boundary condition is used on the far field. The fan and core exit boundary conditions are the mass flow rate and stagnation temperature inflow setting with values for the mass flux (i.e., mass flow ratio (MFR)) and total temperature (i.e., total temperature ratio). The fan inlet boundary condition is the mass flow rate outflow setting with a mass flux balance with the fan and core flow.
The computational states and parameters are shown in TABLE 1. In the table, Ma is the free stream Mach number. Other parameters are defined as follows: MFR is the mass flow ratio, BPR is the bypass ratio, α is the angle of attack, T 0C is the total temperature at the core exit, T 0F is the total temperature at the fan exit, and T 0∞ is the total temperature of the free stream. The NAL-AERO-02-01 fan cowl and core cowl pressure coefficient results of the CFD calculation and TPS test are compared in FIGURE 6. The results are in agreement. This indicates that the engine simplified method, the grid generation method, and the CFD calculation method used for powered engine computational in this paper are feasible.
B. CLEAN BWB LANDING CONFIGURATION COMPUTATIONAL METHOD VALIDATION
The Clean BWB Landing Configuration is the BWB300 model without the engine but with Krueger flaps at the leading edge and simple flaps at the trailing edge. It was tested in the AVIC ARI FL-51 wind tunnel using a 1:22 scaled model (FIGURE 7) at Ma = 0.2 and Re = 5.5 × 10 6 .
The CFD calculation condition is the same as experiment. However, because the test is not conducted in the presence of a cross wind, a half model with symmetry is used for CFD calculation. The calculation grid is shown in FIGURE 8 .
The strategy of the grid generation method is the same as that of the engine introduced in the last section. It is also a multi-block O-H structure grid. Furthermore, the grid is still made with a y+ = 1, and the size growth rate between two adjacent grid nodes in the boundary layer is also 1.18. The number of volume grids is approximately 21 million. The boundary conditions used on the solid surfaces and far field surfaces are the same as those used in the powered engine computation. The Clean BWB300 Landing Configuration lift coefficient (C L ) and pitch moment (the moment reference point at the airplane center of gravity) coefficient (C M ) results of the CFD calculation and wind tunnel test are shown in FIGURE 6. Their results are satisfactory except at high attack angles. Therefore, this indicates that the grid generation method and the CFD calculation method used for the BWB300 with leading Krueger flaps and trailing simple wing flaps is feasible.
IV. BWB300 THRUST REVERSER CASCADE AND AIRPLANE INTEGRATION EVALUATION A. BWB300 THRUST REVERSER CASCADE AND AIRPLANE CONFIGURATION AND GRID
The BWB300 thrust reverser cascade and airplane configuration (Reverser Configuration) for the CFD calculation is shown in FIGURE 10. In this initial evaluation, the cross wind effects are not considered, so the model of the airplane is only half of the BWB300 landing configuration (including engine, Krueger flaps and simple flaps). The thrust reverser cascade contains 24 cascade boxes with a circumference distribution along the nacelle.
The grid for calculation is shown in FIGURE 11 . The grid is generated directly from the Clean BWB300 landing configuration's grid by adding the engine with thrust reverser blocks. However, the size is the actual size of the BWB300. Then, the far-field surface under the airplane is moved upward to around 2 me from the bottom of the airplane to consider the ground effect. The grid y+ is adjusted to 1 according to the BWB300 real size Reynolds number, and the size growth rate between two adjacent grid nodes in the boundary layer is still maintained as 1.18. The number of volume grids is approximately 38 million.
B. CFD RESULTS EVALUATION
The reverser configuration at three different Mach numbers, i.e., 0.1, 0.15, and 0.2, were evaluated. The boundary conditions of the engine are shown in TABLE 2, in which the flow out of the fan outlet is assumed from the reverser cascade. The mass flow rate at each cascade box is assumed to be the same, and the flow velocity direction at each cascade box is shown in FIGURE 12. The flow velocity direction of each cascade box is along its GX plane. The G direction is the cascade's normal direction, and X is the airplane flight velocity direction. The angle that the cascade box mass flow velocity direction makes with the x-axis (forward velocity angle, β) is first assumed as 60 • . The ground is set as a moving wall, and its velocity is set equal to the airplane Mach number but with an opposite direction. Other boundary conditions remain the same with the Clean BWB Landing Configuration.
1) EVALUATION OF THE REVERSED FLOW RESULTS WITH A FORWARD VELOCITY ANGLE β = 60 •
The pitch moment (the moment reference point is at the center of airplane main landing gear) coefficients C M of the original BWB300 landing configuration (Original Configuration) and Reverser Configuration are shown in FIGURE 13. It can be seen that, although the reverse flow increases the pitching moment, the value of C M is always negative. It can also be noted that the Ma number decreased when the value of C M decreased. This indicates that, although the reverse thrust increases at the pitching moment, the airplane would not nose up during landing at any Mach number.
The iso-surfaces of the total temperatures at the three Mach numbers just above the ambient temperature are shown in FIGURE 14 . It can be seen that at the three Mach numbers, high energy reverse flow only affects the region behind the reverser cascade, and the ground is not affected by the reverse flow. Therefore, there is little probability that the efflux will push debris from the ground into the inlet flow, causing foreign object damage (FOD) to the engine. FIGURE 15 shows streamlines that originate on the reverser cascades colored by the velocity magnitude at different Mach numbers. It could be seen that at 0.2 Ma and 0.15 Ma, there is no flow re-ingestion at the nacelle inlet, but at 0.1 Ma, there is slight flow re-ingestion that occurs at the bottom of the nacelle inlet. To see the flow re-ingestion area clearly, FIGURE  16 shows the vorticity magnitude distribution at different Mach Numbers. It could be seen that at 0.2 Ma and 0.15 Ma, there is no strong vorticity at the front of the nacelle inlet. However, at 0.1 Ma, a strong vorticity occurs at the front of the nacelle inlet. This indicates that the reverse flow may causing re-ingestion. FIGURE 17 shows the PR (the ratio of the total local pressure to the total pressure of the free stream) [31] distribution at the engine's fan inlet for different Mach numbers. At the fan inlet, there is nearly no pressure loss at 0.2 Ma and 0.15 Ma, but owing to re-ingestion, the PR decreased slightly at the left bottom of the engine inlet at 0.1 Ma. This corresponds to where the vorticity is strong; however, with its PR still above 0.98, there is little effect on the engine's performance. This indicates that the thrust reverser closing velocity could be lower than 0.1 Ma. FIGURE 18 shows the value of the reverser cascade thrust reverser efficiency (η) at different Mach numbers. The thrust reverser efficiency η is defined as the ratio of the thrust generated by the reverser cascade in the Reverser Configuration to the thrust generated by the fan out in the original configuration. It is seen that η decreased when the Mach number decreased, and the maximum value of η is about 0.36. Therefore, the thrust reverser cascade can be applied to the BWB300 configuration, and it is safe from the ground debris compared with the engine under wing configuration of conventional civil airplanes. Though the reverse thrust increases at the pitching moment, it does not cause airplane nose up problems during landing at any of the three Mach number situations.
Though the thrust reverser cascade could be applied to BWB300, the thrust reverser efficiency would be a little lower. Normally, the thrust reverser efficiency is about 0.4 for a civil airplane. It clearly shows that the reverse thrust is related to the reverse flow forward velocity angle with the smaller the forward velocity angle, the larger the reverser cascade out mass flow reverser energy (the reverse mass flow component along the landing reverse direction in the X-axis negative direction). If the forward velocity angle is reduced, would the reverse thrust increase and therefore increase the thrust reverser efficiency? The reverser cascade mass flow velocity forward angle is changed to 45 • , and the result is recalculated. It can be seen that, through a reduced reverse flow forward velocity angle is achieved, the C M value increases at 0.2 Ma and 0.15 Ma but reduces at 0.1 Ma. All remain negative. This indicates that changing the reverse flow forward velocity angle would not change the C M value much and does not change the airplane's pitching performance. FIGURE 20 shows streamlines that originate on the reverser cascades colored by the velocity magnitude at β = 45 • . It can be seen that, at 0.2 Ma there is no reingestion at the nacelle inlet; furthermore, at 0.15 Ma no re-ingestion occurred at the nacelle inlet, but at 0.1 Ma, reingestion occurred at the nacelle inlet. From FIGURE 21 and  FIGURE 22 , it can also be seen that, because of the reingestion at 0.1 Ma, there is a large area strong vorticity at the front of the engine inlet. At the engine inlet, there is also a large area where the PR decreased greatly. This distortion at the engine inlet may cause engine instability problems. FIGURE 23 shows the airplane surface limiting streamline at β = 60 • and β = 45 • , Ma = 0.1. It can be seen that, with a reduction in the forward velocity angle, the reverse flow travels farther distances up the engine, causing more re-ingestion. This indicates that the thrust reverser closing velocity needs to be higher than 0.1 Ma. FIGURE 24 shows the value of the reverser cascade thrust reverser efficiency at different Mach numbers for β = 60 • and β = 45 • . It can be seen that η also decreased with Mach number at β = 45 • . Furthermore, η increased as β decreased at Ma = 0.2 and Ma = 0.15, but decreased at Ma = 0.1. Moreover, at β = 45 • , the maximum value of η increased to about 0.4 at Ma = 0.2 and 0.15. This indicates that reducing β could increase the thrust reverser efficiency, but would cause more serious re-ingestion problems at low Mach numbers (Ma = 0.1) and reduce the thrust reverser efficiency.
Therefore, reducing β may increase the thrust reverser efficiency. However, a decrease in the Mach number does not always increase the thrust reverser efficiency. Moreover, reducing β could cause the thrust reverser closing velocity to increase.
V. CONCLUSION
The feasibility of applying a thrust reverser cascade to the BWB300 was analyzed in this study by using CFD. The results indicate that application of the thrust reverser cascade to the BWB300 is feasible; furthermore, they reveal that the probability of FOD problems occurring during the BWB300 landing process when the thrust reverser cascade is working is low. Increasing the reverse mass flow component along the landing reverse direction can increase the thrust reverser efficiency but also increase the thrust reverser closing velocity. Therefore, the design of the thrust reverser cascade should balance the thrust reverser efficiency and thrust reverser closing velocity. From 2007 to 2015, he was an Engineer with AVIC Aerospace Life-Support Industries, Ltd. He is the author of more than ten articles. He holds more than ten inventions. His research interests include aerodynamics design, computational fluid dynamics, and optimization design. He is currently an Associate Professor with Northwestern Polytechnical University. His research interests include aircraft design, turbulent flows, and flow control using plasma actuators.
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